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Plasmonic colloidal nanoparticles with open eccentric
cavities via acid-induced chemical transformation
Won Joon Cho1,5, Alum Jung2,5, Suenghoon Han2, Sung-Min Lee3, Taewook Kang4, Kun-Hong Lee2,
Kyung Cheol Choi3 and Jin Kon Kim1
Surface-enhanced Raman spectroscopy (SERS) has been considered a promising technique for the detection of trace molecules
in biomedicine and environmental monitoring. The ideal metal nanoparticles for SERS must not only fulﬁll important
requirements such as high near-ﬁeld enhancement and a tunable far-ﬁeld response but also overcome the diffusion limitation at
extremely lower concentrations of a target material. Here, we introduce a novel method to produce gold nanoparticles with open
eccentric cavities by selectively adapting the structure of non-plasmonic nanoparticles via acid-mediated surface replacement.
Copper oxide nanoparticles with open eccentric cavities are ﬁrst prepared using a microwave-irradiation-assisted surfactant-free
hydrothermal reaction and are then transformed into gold nanoparticles by an acidic gold precursor while maintaining their
original structure. Because of the strong near-ﬁeld enhancement occurring at the mouth of the open cavities and the very rough
surfaces resulting from the uniformly covered hyperbranched sharp multi-tips and the free access of SERS molecules inside of
the nanoparticles without diffusion limitation, adenine, one of the four bases in DNA, in an extremely diluted aqueous solution
(1.0 pM) was successfully detected with excellent reproducibility upon laser excitation with a 785-nm wavelength. The gold
nanoparticles with open eccentric cavities provide a powerful platform for the detection of ultra-trace analytes in an aqueous
solution within near-infrared wavelengths, which is essential for highly sensitive, reliable and direct in vivo analysis.
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INTRODUCTION
There is a strong demand for trace-molecule detection techniques that
are simple, rapid, highly sensitive and reproducible, spanning from
diagnostics in medicine to the detection of base sequence mutation.
Surface-enhanced Raman spectroscopy (SERS) could be a promising
candidate for extremely sensitive molecular ﬁnger-printing techniques
that fulﬁll these technological and detection system criteria.1
SERS is a near-ﬁeld phenomenon that relies on the intensiﬁed
electric ﬁelds (E-ﬁelds) on a metal nanostructure when its localized
surface plasmon resonance is excited by light.2 These enhanced
E-ﬁelds lead to a large enhancement of the Raman scattering signal.3
Although the hot spots exhibiting these intensively localized E-ﬁelds
that are usually expected between two (or multiple) noble metal
nanoparticles and the sharp nanoscale tips can amplify Raman signals
by 4106 times for trace molecule detection,4,5 they are not easily
obtained.6,7
Several attempts have been made to increase the sensitivity and
reproducibility for active SERS substrates. Two-dimensional arrays of
various SERS-active substrates were introduced8,9 but were not
suitable for detection in solution or in an in vivo system because of
the use of solid substrates.10,11 To directly detect target molecules in a
solution, colloidal three-dimensional (3D) SERS-active particles that
could be easily dispersed in an environmental matrix, such as water,
are strongly needed for label-free immunoassays and on-time
biosensors.12–15
Some research groups fabricated Ag colloids by the aggregation of
Ag nanoparticles using salt; however, the size of the aggregated colloids
was highly inhomogeneous. Moreover, very small fractions (o1%) of
colloids are SERS-active.13 When the size of the aggregated colloids
(and thus the distance between colloids) is not uniform, the reliability
of SERS becomes very poor. Thus, the preparation of uniform
colloidal 3D SERS-active nanoparticles is greatly needed, and all of
the colloidal nanoparticles should exhibit SERS activity.12,16
Furthermore, for in vivo detection and optical imaging, SERS-active
materials should exhibit plasmonic absorption bands at near-infrared
(NIR) wavelengths,17,18 the so-called biological window (700–900
nm).19–22 A simple approach is to use gold nanorods because the
localized surface plasmon resonance peak is shifted from the visible to
infrared region upon increasing the aspect ratio of the gold nanorod.23
However, to synthesize gold nanorods with high aspect ratios,
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surfactants with long alkyl chains, for example, cetyl-trimethyl-
ammonium-bromide, must be used. However, because of these long
chains, the analytes cannot easily contact the surface of gold (or SERS-
active) nanoparticles, which results in a very low SERS signal.24
Halas and Nordlander and coworkers25–28 prepared noble metals
with cavities to utilize the far-ﬁeld optical properties in the NIR
region. One of interesting nanostructures is a nanoshell, where a
spherical dielectric core is surrounded by a concentric metal shell.
Although this structure changes plasmon resonance depending on the
ratio of the core radius to the shell thickness, the near-ﬁeld
enhancement was not large. However, a noble metal with a nanoegg
structure, where the center of the inner dielectric core is eccentrically
located with respect to the center of the outer shell surface, exhibits
signiﬁcantly higher near-ﬁeld enhancements at the narrowest region of
the shell thickness.27,28 To prepare a nanoegg structure, a poly(4-
vinylpyridine)-immobilized substrate should be used, which results in
poor dispersion of nanoparticles in aqueous solution. In addition,
because the core in both the nanoshell and nanoegg structure is
isolated from the environment, the accessibility (or diffusion) of
SERS-active molecules to the location providing strong E-ﬁelds is
limited.
Here, we introduce a novel method to prepare surfactant-free
colloidal plasmonic nanoparticles with open eccentric cavities. This
approach consists of a microwave-irradiation-assisted hydrothermal
reaction of copper oxide (CuO) followed by replacement with gold.
The hydrothermal process with microwave irradiation is very effective
for producing metal nanoparticles with very rough surfaces, similar to
hyperbranched sharp multi-tips because of the rapid heating and low
synthesis temperature.29,30
The fabricated 3D colloidal gold nanoparticles with open eccentric
cavities exhibited very high SERS signal intensities with excellent
reproducibility, which is sufﬁcient to detect a trace amount of adenine,
one of the four bases in DNA, in an aqueous solution.31–35 The highly
intense SERS signal was attributed to both the open eccentric cavity
and very rough surfaces resulting from the uniformly covered
hyperbranched sharp multi-tips of the colloidal gold nanoparticles.
The colloidal gold nanoparticles with eccentric cavities could be used
for the detection of ultra-trace analytes in aqueous solution within the
NIR wavelengths (700–900 nm), which is essential for highly sensitive,
reliable and direct in vivo analysis.
MATERIALS AND METHODS
Fabrication of colloidal gold nanoparticles with open eccentric
cavities
An aqueous solution (100ml) consisting of copper nitrate (Cu(NO3)2∙3H2O,
1.0 × 10− 3 mol, Aldrich Inc., St. Louis, MO, USA) and urea (CO(NH2)2,
1.0 × 10− 1 mol, Aldrich Inc.) was prepared by mixing these solutions for 3 min
at room temperature. Then, 10ml of the solution was irradiated using a
temperature-controlled microwave synthesis system (2.45 GHz, single-mode,
Greenmotif, IDX, Tochigi, Japan) at 100 °C.30 For gold replacement of CuO,
250 μl of a gold precursor solution (HAuCl4∙3H2O, 1.0 × 10− 3 mol, Aldrich
Inc.) was added to 10ml of the solution containing CuO. The molar ratio of
(HAuCl4)/(Cu(NO3)2) was 0.25.
Characterization
The morphologies of the colloidal gold nanoparticles with open eccentric
cavities were investigated using ﬁeld-emission scanning electron microscopy
(Hitachi, S4800) (FESEM, S4800, Hitachi, Tokyo, Japan) with an instrument
operating at 10 kV and high-resolution transmission electron microscopy (HR-
TEM, JEOL, JEM-2100F, Tokyo, Japan) with an instrument operating at
300 kV. To prepare the samples for HR-TEM analysis, a focused ion beam (FIB,
Helios NanoLab 650, Field emission and ion technology (FEI), Hillsboro, OR,
USA) was used. The selected area was milled using Ga ions and extracted by an
omniprobe mounted inside of the focused ion beam chamber. After transfer-
ring the sample onto a TEM lift-out grid, the mounted sample was ﬁnally
thinned to achieve an ~ 50 nm thickness to allow electron transparency. The
HR-TEM was equipped with electron energy loss spectroscopy mapping with a
resolution of 0.8 eV, which was used to investigate the distribution of gold and
copper in the colloidal gold nanoparticles with open eccentric cavities.
The crystalline structures of the synthesized materials were determined by
X-ray diffraction using a powder X-ray diffractometer (PANalytical, pw 3373/10
X’Pert, Westborough, MA, USA) with Cu Kα radiation. The working voltage
and current were 40 kV and 30mA, respectively. The 2θ angles were scanned
over a range of 10°–80° at a scan rate of 0.5° per min.
Raman signal intensity was measured in a backscattering geometry using a JY
LabRam HR ﬁtted with a liquid-nitrogen-cooled charge-coupled device
detector. The spectra were collected under ambient conditions mainly using
a 785-nm diode laser with 250mW irradiation on the bottom of the solution
sample. The acquisition time was 10 s. The radius of the laser spot was 0.70 μm;
thus, the laser spot area was 1.54 μm2.
The zeta potential of the nanoparticles in aqueous solution was measured
using a Zetasizer (Nano ZS, Malvern Instruments, Worcestershire, UK). The
surface areas of the samples were measured by recording the nitrogen
adsorption–desorption isotherms at 77 K using a Micromeritics Tristar II
3020 surface area and porosity analyzer, and the isotherms were analyzed using
the Brunauer–Emmett–Teller method.
The ﬁnite-difference time-domain method (FDTD, ﬁnite-difference time-
domain Solutions 7.5, Lumerical Solutions Inc, Vancouver, BC, Canada) was
used to calculate the near-ﬁeld distributions at the excitation wavelengths of
633 and 785 nm, and 3D unit cells were designed with boundary conditions of
perfectly matched layers. Here, a single particle is regarded as in free space. We
used a total-ﬁeld scattered-ﬁeld source with a broad Gaussian frequency
spectrum (150–1000 THz) to capture the Mie scattering, where a light with
the electric ﬁeld polarized along the y axis propagates along the x axis. The
E-ﬁeld pattern crosses over the particle, namely, it yields the ﬁeld both outside
and within the particle. The grid size was between 2 and 5 nm. Based on the
calculation of the ratio of the enhanced ﬁeld to the incident ﬁeld, the effect of
the ﬁeld enhancement was investigated. Two particles were used in this study: a
smooth spherical particle and a spherical particle with an open eccentric cavity.
The diameter of the colloidal particles and the diameter and depth of the
eccentric open cavity were 150, 65 and 30 nm, respectively.
RESULTS
Fabrication of colloidal gold nanoparticles with open eccentric
cavities
A schematic of the fabrication of the colloidal gold nanoparticles with
open eccentric cavities is presented in Figure 1. The details of the
experimental procedures and characterization are provided in the
experimental section. By microwave irradiation of an aqueous solution
containing Cu(NO3)2 and CO(NH2)2 at 100 °C, the sheets of copper
hydroxyl-nitrate (Cu2(OH)3(NO3)) crystal were formed in short times
(o 3min) (step a). Then, these sheets were assembled into spherical
shapes to decrease the high surface energy in the sheets (step b). With
increasing irradiation time, the Cu2(OH)3(NO3) located near the outer
surface of spheres was transformed into CuO. Because the volume of a
unit cell of monoclinic crystal of Cu2(OH)3(NO3) is 235 Å
3, which is
larger than that of CuO (81 Å3),36,37 volume contraction should occur
during this transformation from Cu2(OH)3(NO3) to CuO.
Because of the use of microwave irradiation, this transformation
occurs very rapidly, which causes cracks to form near the outer
surface. These cracks become the source of an open cavity (step c).
The detailed mechanism of the formation of the eccentric cavity is
provided in Section 1 of the Supplementary Information. Upon
further increasing the microwave irradiation time, the Cu2(OH)3
(NO3) located inside the spheres is transformed into CuO, and an
eccentric cavity is formed. During this process, the CO(NH2)2
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decomposition continues, which results in an increase of the
concentration of hydroxyl anions (OH−). This anion easily reacts
with small amounts of Cu2+ and forms a complex ion, (Cu(OH)4)
2− ,
which acts as a growing source for spiky or hyperbranched sharp
multi-tips in the solution. After overgrowing, these tips become
rapidly stabilized at the particle surface by converting into ﬁrst Cu
(OH)2 and ﬁnally into CuO (step d).
37 We observed that the
irradiation temperature becomes very crucial in the formation of an
open cavity on a CuO nanoparticle. When the temperature was 95 °C,
the ﬁnal CuO spheres did not have open pores (Supplementary Figure
S4a in the Supplementary Information). This ﬁnding might be
attributed to slow heating, which could not effectively create cracks
at the early stage of the transformation from Cu2(OH)3(NO3) to CuO.
However, at 105 °C, no spherical CuO nanoparticles were produced
(Supplementary Figure S4b in the Supplementary Information). This
ﬁnding might be attributed to too rapid heating, which prevents the
assembly of Cu2(OH)3(NO3) sheets into spherical form.
Finally, the surface of the colloidal CuO nanoparticles was replaced
by gold through an acid-induced replacement reaction of HAuCl4 in
the aqueous solution at room temperature, while maintaining the
original structure of CuO, followed by the reduction of HAuCl4 to
gold (step e). We controlled the replacement reaction of gold from
CuO by changing the molar ratio of (HAuCl4)/(Cu(NO3)2) in the
solution. From UV-Vis absorption spectra and the morphology of the
nanoparticles prepared at various molar ratios, we observed that
the best molar ratio for the formation of open eccentric cavities and
the replacement reaction is 0.25 (see Section 7 in the Supplementary
Information). Although a direct transformation of CuO to gold is an
unfavorable reaction, this transforming reaction occurred when the
acidic gold precursor of HAuCl4 was used. Using the acid-induced
replacement reaction, we obtained gold nanoparticles from other
structures of CuO in candy-like or walnut-like nanoparticle forms,
while maintaining the original structure. Of course, when non-acidic
gold precursors (for instance, AuCl3 and Au(OH)3) were used, the
replacement reaction did not occur (see Section 2 in the
Supplementary Information).
Morphology
Figure 2 shows the morphology and inner structure of the colloidal
gold particles with eccentric cavities investigated by ﬁeld-emission
scanning electron microscopy and electron energy loss spectroscopy
mapping. The details of the sample preparation for ﬁeld-emission
scanning electron microscopy and HR-TEM are given in Section 3 of
the Supplementary Information. The colloidal gold nanoparticles
clearly contain an open cavity and have very rough surfaces resulting
from the uniformly covered hyperbranched sharp multi-tips (Figures
2a and b). Notably, the open cavity is eccentric in shape, as conﬁrmed
by the ﬁeld-emission scanning electron microscopy image after focus-
ion beam milling (Figure 2c). The diameter of the colloidal particle
was 300± 20 nm, and the mouth diameter and depth of the cavity
were 60± 5 nm and 150± 15 nm, respectively, which were obtained by
counting 150 colloidal particles.
Figure 2d presents an electron energy loss spectroscopy mapping
image, where the red and yellow regions indicate CuO and gold,
respectively. The inner cavity is uniformly coated by a thin layer of
gold. The thickness of the gold layer (yellow region) is 47± 5 nm,
which is consistent with that measured in the HR-TEM image
(Supplementary Figure S10). The above results indicate that the size
and roughness of the nanoparticle and open eccentric cavity in CuO
remain the same even after the replacement of gold.
To verify the stability and surface charge of the colloidal nanopar-
ticles, the zeta potential of the nanoparticles in aqueous solution was
measured and was determined to be − 41mV at 25 °C (Figure 2e).
This negative value may result from the abundant Cl− ions and
indicates that the nanoparticles are stable in aqueous solution.38,39 For
more than 1 month, the solution was very stable. The surface area of
the gold nanoparticles with eccentric cavities by measured by N2
absorption–desorption isotherm Brunauer–Emmett–Teller method)
was 71.2m2 g−1 (Section 4 of the Supplementary Information). For
Figure 1 Scheme of the fabrication of the colloidal gold nanoparticles with open eccentric cavity. (a) Sheet formation. (b) Assembly of sheets. (c) Growth and
transformation to spherical nanoparticles. (d) Spiky CuO nanoparticle with open eccentric cavity. (e) Spiky Au nanoparticle with open eccentric cavity. SEM
image corresponding to each step is included (scale bar=100 nm).
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a smooth gold nanoparticle with eccentric cavity (the diameter of the
particle= 300 nm, and the diameter and depth of the cavity were 60
and 150 nm, respectively), the surface area was calculated to be only
4.0 m2 g−1. Thus, the gold nanoparticles fabricated in this study have
extremely large surface areas, which also contribute greatly to the
enhancement of E-ﬁelds.40 Furthermore, because the gold nanoparti-
cles with eccentric cavities are prepared using a surfactant-free
technique, the analytes could directly access the hot spots. Therefore,
both the eccentric open cavity and rough surface would produce a very
intense signal of Raman scattering even in a very dilute aqueous
solution.
Optical properties and SERS analysis in aqueous solution
We investigated the optical properties and SERS effects of the colloidal
gold nanoparticles with open eccentric cavities in aqueous solution. In
the localized surface plasmon resonance absorption spectra, the
spherical gold nanoparticles without cavities exhibit a single peak at
601 nm, whereas the colloidal gold nanoparticles with open eccentric
cavities exhibit two distinct peaks at 598 and 779 nm, respectively
(Figure 3a). The peak at 598 nm arises from the spherical shape of the
gold nanoparticles. A new peak at 779 nm, which lies within the NIR
region, results from the open eccentric cavities of the colloidal gold
nanoparticles. We obtained the SERS signals of an adenine molecule
(10− 9 M) in aqueous solution after a laser with a wavelength of
785 nm was illuminated on the colloidal gold nanoparticles with open
eccentric cavities and on spherical gold nanoparticles without cavities
(Figure 3b). The SERS signal intensities at both 737 cm− 1 (the ring
breathing mode) and 1333 cm− 1 (N–C stretching mode31) were very
large for the colloidal gold nanoparticles with open eccentric cavities.
Although a narrow and single absorption peak might be ideal for SERS
activity, the SERS signal intensity of the colloidal gold nanoparticles
with open eccentric cavities for the two absorption peaks were 17
times higher than that of the spherical gold nanoparticles without
cavities, which exhibited a single absorption peak, even though the
latter sample also had a rough surface area (69.1 m2 g−1), very similar
to that (71.2 m2 g−1) of the colloidal gold nanoparticles with open
eccentric cavities (see Section 4 in the Supplementary Information).
Thus, the large increase of the SERS signal intensity observed in
Figure 3b for the colloidal gold nanoparticles with open eccentric
cavities is due to the existence of open eccentric cavities.
The SERS signal is clearly detected even at an extremely diluted
concentration of adenine (1.0 pM) (Figure 3c). The calculated
enhancement factors and their s.d.s are shown in Figure 3d. The
details of the enhancement factor calculation are provided in Section 5
of the Supplementary Information. Because the number of nanopar-
ticles in the laser-irradiated volume was calculated to be as high as
4.8 × 102 (see Section 5 in the Supplementary Information), excellent
reproducibility of the SERS signal is obtained.13 The average
Figure 2 Morphology and inner structure of gold nanoparticles with eccentric cavity. (a) SEM image of gold nanoparticles with open eccentric cavity.
(b) Enlarged SEM image of one single gold nanoparticle with open eccentric cavity. (c) Cross-sectional SEM image after FIB milling. (d) EELS mapping
of (c). Yellow and red regions indicate gold and CuO, respectively. (e) Zeta potential of the colloidal gold nanoparticles with open eccentric cavity in aqueous
solution.
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enhancement factors are at least 1.1 × 107, and the s.d. is o10%. The
high sensitivity and excellent reproducibility are attributed to the
uniform size distribution of the nanoparticles and the ensemble
average effect of the numerous colloidal gold nanoparticles with open
eccentric cavities. A similar SERS intensity and similar enhancement
factors were obtained for crystal violet, one of the prominent SERS
molecules (Supplementary Figure S11 in the Supplementary
Information).
We observed that the intensities of the UV-Vis absorption peaks,
especially the peak at 779 nm, were highly dependent on the amount
of HAuCl4 in the aqueous solution containing CuO (or the degree of
the gold replacement). The best condition for the formation of open
cavity structures by the gold replacement reaction was 0.25:1.0 (mol/
mol) (HAuCl4)/(Cu(NO3)2), as observed in Supplementary Figures S8
and S12 in the Supplementary Information. At high amounts of
HAuCl4 (40.5:0.5 mol/mol), the open cavity structures were
destroyed. We also observed that SERS spectra varied greatly with
the amount of HAuCl4, as observed in Supplementary Figure S13 for
adenine and Supplementary Figure S14 for crystal violet. The largest
SERS intensity of both adenine and CV was observed for the gold
nanoparticles with well-deﬁned eccentric cavities.
We also used two additional lasers excited at 633 and 514 nm to
study the effect of the open eccentric cavity on the SERS intensity of
adenine solution, and the results are presented in Supplementary
Figure S15. At excitations at both 633 and 514 nm, the difference in
the Raman signal intensity between the colloidal gold nanoparticles
with open eccentric cavities and the gold nanoparticles without cavities
was not large; however, the intensity was markedly reduced. Therefore,
to maximize the SERS effect in aqueous solution, coupling between
the plasmonic resonance and excitation laser wavelength should be
used. Because the plasmon resonance resulting from open eccentric
cavity in gold nanoparticles matches well with the NIR wavelength, the
detection of trace biological molecules in solution is possible.
Finite-difference time-domain simulation
To understand the large SERS intensity for the gold nanoparticles with
open eccentric cavities, we used the 3D ﬁnite-difference time-domain
method at an excitation wavelength of 785 nm, and the results are
presented in Figure 4. The E-ﬁelds were highly localized at the gold
particle surface; however, the ﬁeld enhancement was maximized at the
open eccentric cavity of the colloidal gold nanoparticle. The open
eccentric cavity structure localizes the E-ﬁelds and couples them
around the mouth of the colloidal gold nanoparticle, which provides
numerous hot spots. Because the SERS enhancement factor is
proportional to the fourth power of the maximum ﬁeld amplitude
enhancement, the enhancement factor of the local ﬁeld enhancement
in the colloidal gold nanoparticles with open eccentric cavities might
be 2.9× 102 times higher than that for the nanoparticles without
cavities. The large increase in the SERS intensity compared with the
experimental value (17 times higher) is attributed to the very rough
surfaces and tiny nanoparticles (diameter of~ 3 nm) in the gold shell
(Supplementary Figure S10) not being considered in the simulation.
These results indicate that both the existence of the open eccentric
cavities and very rough surfaces contribute to the strong SERS signals.
Thus, gold nanoparticles with open eccentric cavities could be used for
the trace detection of biological molecules in a solution that requires
Figure 3 (a) UV-vis absorption spectra of the colloidal gold nanoparticles with open eccentric cavity and simply spherical (no cavity) gold nanoparticles in
aqueous solution. (b) SERS spectra of the colloidal gold nanoparticles with open eccentric cavity and simply spherical (no cavity) gold nanoparticles with
1×10−9 M adenine aqueous solution. (c) SERS spectra and (d) the enhancement factors of the colloidal gold nanoparticle with open eccentric cavity at
various concentrations of adenine in aqueous solution.
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NIR wavelengths, whereas gold nanoparticles without cavities could
not be used.
CONCLUSIONS
We fabricated colloidal gold nanoparticles with open eccentric cavities
using the microwave-irradiation-assisted surfactant-free hydrothermal
reaction of CuO followed by the transformation of the nanoparticles
into gold nanoparticles using an acidic gold precursor. Both the open
eccentric cavity structure and very rough surfaces resulting from the
uniformly covered hyperbranched sharp multi-tips in a single particle
provide a powerful platform for the detection of extremely dilute
analytes in an aqueous solution system at 785-nm excitation, the
biological window regime, which is essential for highly sensitive,
reliable and direct in vivo analysis. Our concept has a remarkable
impact on numerous practical applications related to the large-scale
production of probes for biological molecules. In addition, the results
presented in this study provide a fundamental understanding of 3D
plasmonic nanoparticles with broken symmetry.
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